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Abstract

Real-time national global positioning system (GPS) networks are being established in a number of countries for atmospheric
sensing. The authors, in collaboration with participating universities, are developing one of these networks in the United
States. The proposed network, named “SuomiNet” to honor meteorological satellite pioneer Verner Suomi, is funded by the
US National Science Foundation to exploit the recently shown ability of ground-based GPS receivers to make thousands of
accurate upper and lower atmospheric measurements per day. Phase delays induced in GPS signals by the ionosphere and
neutral atmosphere can be measured with high precision simultaneously along a dozen or so GPS ray paths in the ;eld of
view. These delays can be converted into integrated water-vapor (if surface pressure data or estimates are available) and total
electron content (TEC), along each GPS ray path. The resulting continuous, accurate, all-weather, real-time GPS moisture
data will help advance university research in mesoscale modeling and data assimilation, severe weather, precipitation, cloud
dynamics, regional climate and hydrology. Similarly, continuous, accurate, all-weather, real-time TEC data have applications
in modeling and prediction of severe terrestrial and space weather, detection and forecasting of low-latitude ionospheric
scintillation activity and geomagnetic storm e=ects at ionospheric mid-latitudes, and detection of ionospheric e=ects induced
by a variety of geophysical events. SuomiNet data also have potential applications in coastal meteorology, providing ground
truth for satellite radiometry, correction of synthetic aperture radar data for crustal deformation and topography studies, and
detection of scintillation associated with atmospheric turbulence in the lower troposphere. In this paper we describe SuomiNet,
its applications, and the larger opportunity to coordinate national real-time GPS networks to maximize their scienti;c and
operational impact. c© 2001 Published by Elsevier Science Ltd.
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1. Introduction

The authors and collaborating universities, with sup-
port from the US National Science Foundation (NSF),
are establishing a national GPS network designed for
real-time atmospheric remote sensing. SuomiNet will
augment an existing GPS network located primar-
ily in the central US and including approximately 40
federal and university sites (www.fsl.noaa.gov and
www.gst.ucar.edu=gpsrg=realtime.html). SuomiNet will use
well-established Internet Data Distribution (IDD) software
and protocols to coordinate network sensors and distribute
its data in real-time (IDD has evolved over more than a
decade to provide real-time atmospheric data to university
users). SuomiNet will demonstrate the innovative concept
of a university-based national geophysical instrument pro-
viding critical real-time atmospheric data for research and
education.

Continuous, all-weather, real-time GPS moisture data will
help advance university research in mesoscale modeling and
data assimilation, severe weather, precipitation, cloud dy-
namics, regional climate and hydrology. In addition, TEC
and ionospheric scintillation data derived from GPS sig-
nal phase and amplitude will help universities and research
institutions (hereafter called simply “universities”) address
over-arching, fundamental research topics. These topics in-
clude: the processes that govern the spatial distribution of
ionization; the evolution of ionospheric irregularities and
scintillation; thermospheric dynamics and its coupling to the
ionosphere; and validation, testing and continued develop-
ment of research models and numerical methods. Upper and
lower atmospheric sensing with ground-based GPS receivers
is illustrated in Fig. 1.

Fig. 1. A variety of useful information regarding upper and lower
atmospheric structure and dynamics can be derived from GPS sig-
nal phase and amplitude data. In this illustration, the troposphere
is depicted by a lidar scan of tropospheric water vapor, the strato-
sphere and mesosphere by a photo of a red jet and blue sprite
(elf.gi.alaska.edu), and the ionosphere by an ionospheric model
(janus.nwra.com=nwra=tomr2j.gif ).

From an educational perspective, SuomiNet will place
state-of-the-art GPS equipment, data, and processing meth-
ods in the hands of a large number of university depart-
ments, faculty, and students. It is here, in the university
setting, where the tremendous potential of GPS in atmo-
spheric research and education can be most e=ectively real-
ized. The impact of these new data and observation methods
on the atmospheric sciences may be dramatic, comparable
to the impact GPS data have had in a few short years on the
solid-Earth sciences (Stein 1998).

SuomiNet builds on the expertise of University Cor-
poration for Atmospheric Research (UCAR) programs
including: the GPS Science & Technology (GST)
program (GPS-related atmospheric science), Unidata
(real-time distribution of meteorological data to univer-
sities), and the University Navstar Consortium (UN-
AVCO) Facility (developing, deploying and operating GPS
networks).

2. Research applications

The atmosphere is illuminated with 1.6 and 1.2 GHz (L1
and L2) signals transmitted by the 24 GPS satellites. Phases
of signals from a dozen or so of these satellites can be simul-
taneously observed with mm precision during all weather
conditions, using commercial GPS receivers. Observing
from sea level, the lower and upper atmosphere induce
GPS signal phase path delays of several meters or more.
The key to SuomiNet-enabled research (and education) is
to view these delays not as signal propagation errors but as
atmospheric information. In the upper atmosphere, total
electron content (TEC) along each GPS ray path can be
measured by combining L1 and L2 phase observations. In
the lower atmosphere, dry air, water-vapor and hydromete-
ors induce delays in GPS signals. However, e=ects gener-
ated by hydrometeors are relatively small (Solheim et al.,
1999). As a result, water-vapor — integrated along each
GPS signal path — can be inferred if observed or estimated
surface pressure is available. Accurate geodetic coordinates
also can be derived from these data, as has been amply
demonstrated (Stein 1998).

Universities participating in SuomiNet have registered to
establish 103 SuomiNet sites (Fig. 2). All sites are registered
for atmospheric research applications, and approximately
60% are registered also for geodetic applications. Other re-
search interests emerged during registration, including hy-
drology (12 sites), and oceanography (7 sites registered
by oceanographic research institutions). At each SuomiNet
site, participating universities will install and operate a stan-
dardized system including a dual-frequency GPS receiver,
surface meteorological sensors, and a computer connected
to the Internet and con;gured with IDD software. Partic-
ipants interested in geodetic applications will install their
GPS equipment in appropriate locations on stable geodetic
monuments. Technical assistance regarding GPS equipment,
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Fig. 2. Universities have registered the indicated site loca-
tions for participation in SuomiNet. For prospective partici-
pants, information and on-line registration are available via
www.unidata.ucar.edu=souminet.

Fig. 3. SuomiNet data and products to be provided to universities
in real-time are represented by the oval symbols. Data products that
are expected to be derived from SuomiNet data through indepen-
dent university research programs are represented by rectangular
symbols.

monuments, and IDD will be provided by the UNAVCO
Facility, Unidata, and GST.

SuomiNet will provide raw GPS and surface meteo-
rological data, tropospheric and ionospheric delays, 2D
water-vapor and TEC data to universities in real-time,
as illustrated in Fig. 3. University investigators, through
independent research programs, could assimilate these

Fig. 4. Precipitable water (PW) estimated from GPS measure-
ments in the south-central US, as posted on the Web every 30 min
(Rocken et al., 1997a; www.gst.ucar.edu=gpsrg=realtime.html). Site
locations are represented by black squares and dots.

data into models to provide real-time 3D water-vapor and
electron densities, and to enhance space weather and hy-
drological cycle modeling. GPS, surface meteorological,
and other data observed at SuomiNet sites will also be
distributed in real-time using IDD software and protocols
(www.unidata.ucar.edu). IDD is designed to allow univer-
sities to request delivery of speci;c data sets directly to
their computers, as soon as they are available (Domenico
et al., 1994).

An IDD characteristic relevant to SuomiNet is that the
data streams are accessible at no cost (either for data or
software) to any college or university, large or small. The
system design also allows any participant to inject addi-
tional observations or derived products into the IDD for
delivery to other interested members of the network. Co-
ordinated real-time control of GPS and other SuomiNet
equipment, such as sampling frequency, data type and
format, data latency, and other sensor parameters will be
provided via IDD. Thus, SuomiNet will demonstrate the
concept of a national geophysical instrument coordinated
via Internet. Once demonstrated, this concept has the po-
tential to address many additional research and education
objectives, as described later.

The feasibility of providing real-time GPS data and prod-
ucts via Internet has already been demonstrated during the
past several years using GPS and surfacemeteorological data
from a 30-site network in the south-central U.S. (Rocken
et al., 1997b). Examples of real-time atmospheric water-
vapor and TEC data from this network are shown in Figs. 4
and 10.
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2.1. Water vapor in atmospheric processes

Water in its three phases has a profound inNuence on
weather and climate. Water-vapor, the means by which
moisture and latent heat are transported, plays a fundamen-
tal role in atmospheric processes that act over a wide range
of spatial and temporal scales. It is widely recognized that
moisture ;elds are inadequately de;ned in global, regional
and local weather analysis and forecasting. This inade-
quacy stems from the sparsity of water-vapor observations,
combined with the high spatial and temporal variability of
moisture ;elds (Trenberth and Guillemot, 1996). Tradi-
tional water-vapor observing systems include radiosondes,
surface-based humidity sensors, surface and satellite-based
radiometers, and research aircraft. Ground-based GPS sens-
ing of atmospheric moisture, demonstrated by university
researchers (Bevis et al., 1992; Rocken et al., 1993), is
complementary to these traditional systems, providing au-
tonomous, frequent, economical, and accurate moisture data
that are una=ected by weather conditions or time of day.

Timely and accurate moisture data are needed to ad-
vance mesoscale modeling research (e.g., McPherson et al.,
1997), and to improve the quality of short-term cloud and
precipitation forecasts (Emanuel et al., 1995). Universities
at the leading-edge of this research are running real-time
mesoscale models for numerical weather prediction (Mass
and Kuo, 1998). Included are Pennsylvania State Univer-
sity (Warner and Seaman, 1990), Colorado State University
(Cotton et al., 1994), the University of Utah (Horel and
Gibson, 1994), the University of Washington, North Car-
olina State University, the University of Wisconsin, the
University of Michigan, the University of Arizona, the Uni-
versity of Oklahoma and other universities. For example,
the Center for Analysis and Prediction of Storms (CAPS) at
the University of Oklahoma produces real-time mesoscale
(10–100 km) and storm scale (1–10 km) forecasts (Xue
et al., 1996). This group is using real-time weather radar
(NEXRAD) data to improve prediction of severe storms
(Droegemeier et al., 1998). They expect that assimila-
tion of high-resolution moisture ;eld data derived from
GPS will allow modeling of convection before it is de-
tected by radar reNection from hydrometeors (Droege-
meier, 1998). An example of real-time column water-vapor
or “precipitable water” (PW) estimated from GPS network
data in the south-central US is shown in Fig. 4.

GPS-sensed PW data can be used to improve storm sys-
tem analysis (Rocken et al., 1995; Businger et al. 1996).
In addition, improved vertical structure of water-vapor and
short-term precipitation forecasts can be obtained by as-
similating surface humidity and PW data into mesoscale
models (Kuo et al., 1996). Park and Droegemeier (1996)
showed that simulations of thunderstorms can be quite
sensitive to the distribution of water-vapor in their near
environment. Crook (1996) studied the sensitivity of
thunderstorm initiation in northeastern Colorado to the dis-
tribution of temperature and moisture in the atmospheric

boundary layer. Utilizing the fact that water-vapor 2 m
above the ground is relatively well speci;ed by existing
sensor networks, the study examined variations from these
values as a function of height within the boundary layer.
The ;nding was that thunderstorm initiation is most sensi-
tive to the temperature pro;le while thunderstorm strength
is most sensitive to water-vapor content. Hence, better
measures of water-vapor content across the entire depth of
the boundary layer, as measured by SuomiNet, are likely to
yield better thunderstorm forecasts.

Water-vapor is a greenhouse gas that plays a critical role
in the global climate system (Starr and Mel;, 1991). This
role is not restricted to absorbing and radiating energy from
the Sun (Stokes and Schwartz, 1994), but includes the role
of water-vapor on the formation of clouds and aerosols, and
on the chemistry of the lower atmosphere. SuomiNet will
provide accurate real-time water-vapordata on a regional
and continental scale. It will also allow the US to join with
other countries establishing GPS networks for atmospheric
sensing (see Section 4) to create a global real-time GPS
network for atmospheric research and education.

2.2. Sensing atmospheric moisture with GPS

There are several approaches to GPS sensing of atmo-
spheric water vapor from the ground. The ;rst to be de-
veloped (Bevis et al., 1992) uses standard space geodetic
techniques (Dixon, 1991; Hager et al., 1991; Segall and
Davis, 1997) to estimate the 2 to 3 m zenith phase delay
induced in GPS signals by the neutral atmosphere. Residual
signal delays to each satellite are mapped as the cosecant of
the satellite elevation angle (Niell, 1996), based on the as-
sumption that the atmosphere is azimuthally homogeneous.
This gives an average zenith delay, from which the hydro-
static or “dry” component, estimated from surface pressure,
is subtracted. PW (precipitable water) is calculated as the
product of the zenith delay and a conversion factor (Bevis et
al., 1992). The accuracy of GPS sensed PW by this method
is better than 2 mm (Rocken et al., 1993, 1997b; Duan
et al., 1996).

The assumption of azimuthal symmetry (Davis et al.,
1993; Elosegui et al., 1998) limits the accuracy and spa-
tial resolution of GPS sensed PW. Higher spatial resolution
can be obtained by solving for the integrated water-vapor
or “slant water” (SW) along each GPS ray path. SW is ob-
tained by solving for the total slant delay along each ray path,
and then subtracting the dry component of the slant delay.
The dry slant delay can be estimated from surface pressure
measurements or from three-dimensional numerical weather
models (Chen and Herring, 1996). A schematic illustration
of GPS ray paths for SW sensing is shown in Fig. 5.

The spatial coverage that can be achieved through GPS
observations of SW is shown in Fig. 6.

The increased spatial resolution of SW sensing is based
on the ability of commercial GPS receivers to track up to a
dozen GPS satellites at any moment in time. The tracking
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Fig. 5. Signals from up to 12 GPS satellites can be tracked by
a ground-based GPS receiver. SW can be simultaneously sensed
along all of the GPS ray paths.

Fig. 6. GPS satellite elevation and azimuth tracks (“sky plots”)
observed near Boulder, CO during one day (light blue curves) and
at one point in time (blue circles). A GPS receiver is located at
the center of the plot. Tracking is blocked by mountains to the
west (below 3◦), but reaches −0:5◦ elevation to the east over the
plains. SW (“slant water” — integrated water-vapor along a slant
path) can be estimated simultaneously along the ray paths to each
satellite in view.

can be continued down to about a half a degree below the
horizon as a result of refractive bending. At zero-degree
elevation, a GPS ray reaches an altitude of 2 km at a distance
of about 200 km from a ground-based GPS antenna.

A comparison of SW sensed by GPS and by water-vapor
radiometers pointed sequentially along the line-of-sight to
each GPS satellite is shown in Fig. 7. The high-frequency
variations in the GPS sensed SW data are attributed to
small-scale structures in the moisture ;eld. These small scale
structures are not observed in the radiometer data, which are
averaged over a 5◦ ;eld of view at 8 min intervals. Compar-
ison of GPS and pointed radiometer data determined GPS
sensed SW noise levels at 0.8 mm rms near 10◦ elevation

Fig. 7. GPS (jagged blue) and pointed radiometer (smooth black)
sensed SW (“slant water” — integrated water-vapor along a GPS
ray path) and their rms agreement (Ware et al., 1997).

angle, decreasing to 0.3 mm rms near the zenith (Braun et
al., 2000).

Though much remains to be learned, the applicability of
GPS sensing to the measurement of atmospheric moisture
has already been demonstrated, over areas that are largely
distinct from the planned SuomiNet coverage. For exam-
ple, Naito et al. (1998) describe the Japanese ;ve-year,
ten-agency, GPS Meteorology Program. The program uses
data from the 1000 site Japanese GPS network, originally
established for earthquake research and hazard mitigation.
Data from this network are now being used also for numer-
ical weather prediction and climate research (Tsuda et al.,
1998). Goals include use of GPS sensed SW data to im-
prove mesoscale modeling and forecasting, and use of the
resulting analysis to improve GPS survey accuracy. An ex-
ample of increased variability in GPS slant delays observed
by the Japanese network during a typhoon, presumably from
increased water-vapor variability, are shown in Fig. 8.

GPS observations can also be used to measure the veloc-
ity of strong refractive features moving above a network. For
example, Herring and Shimada (1998) used slant delay time
series from the Japanese network to estimate the velocity and
height of “water-vapor winds”. Estimation of water-vapor
winds by this method is complementary to established tech-
niques that extract atmospheric motion vectors from satel-
lite cloud and moisture images (Holmlund, 1998). Large
improvements are expected when high-resolution wind and
moisture ;eld data are assimilated into mesoscale models
(Kuo, 1998).

Four-dimensional characterization of atmospheric re-
fractivity using GPS-sensed slant delays was recently
demonstrated by Elosegui et al. (1999). Another approach
uses data from an array of low-cost, single-frequency
(L1) GPS receivers spaced by 1 to 2 km to characterize
four-dimensional water-vapor ;elds (Meertens et al., 1998;
www.gst.ucar.edu=gpsrg=arm.pdf). These studies demon-
strate the potential for water-vapor tomography using slant
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Fig. 8. Four hours of atmospheric slant delays plotted vs. the
observed GPS satellite azimuth and elevation angles (Herring and
Shimada, 1998) as viewed by a GPS receiver located at the center of
the “sky plot”. Green (positive) and yellow (negative) perturbations
are plotted perpendicular to the satellite trajectories (red). The
larger slant delay variations seen during typhoon conditions are
attributed primarily to changes in water-vapor.

path data from closely spaced GPS arrays. The practicality
of using single-frequency receivers is enhanced by prox-
imate dual-frequency receivers and by good TEC (total
electron content) prediction models. SuomiNet is expected
to improve both factors. An L1 receiver system is shown in
Fig. 9.

Amplitude data from ground-based GPS receivers may be
useful in studies of atmospheric turbulence. Minami et al.
(2000) report observations of enhanced scintillation in GPS
signals when both the atmospheric turbulence intensity and
watervapor mixing ratio are large. In this study, the detailed
structure of meteorological disturbances was determined us-
ing boundary layer radar, radiosonde, laser ceilometer and
GPS data. The relationship between GPS amplitude scin-
tillation and atmospheric turbulence can be further studied
using SuomiNet.

Assimilation of SW data in models can simultane-
ously constrain the integrated water-vapor along a dozen
or so GPS ray paths. A simulation experiment demon-
strated that a network of GPS stations with 40 km spac-
ing can be used to determine atmospheric water-vapor
structure with high-resolution (MacDonald, 1999; Mac-
Donald et al., 2000). Additional research is needed
to fully utilize GPS moisture data in mesoscale mod-
eling and prediction (e.g., Guo et al., 2000; Fang et
al., 1998). However, assimilation operators for GPS
sensed SW and “water vapor wind” data must ;rst
be developed and tested. The most appropriate place
for this to occur is in university settings, at the
forefront of real-time mesoscale modeling and data
assimilation research. The availability to university
researchers of thousands of GPS slant delay observa-

Fig. 9. An L1 receiver system deployed for volcano studies at
Long Valley, CA. The system, including solar power and a ra-
dio modem communication link, was developed by the UNAVCO
Facility (www.unavco.ucar.edu=science tech/volcano/l1). Hard-
ware cost for this system is less than $4000.

tions per hour on a national scale is expected to stimu-
late signi;cant advancements in mesoscale analysis and
prediction.

2.3. Sensing the ionosphere with GPS

SuomiNet data promise to have an even greater impact
on the ionospheric research than on meteorology, since
the ionosphere is a very data sparse region compared to
the neutral atmosphere. One of the primary goals of the
NSWP is the development of global ionospheric models
that can assimilate all types of ground and space-based
observations. GPS provides a timely and cost-e=ective
method of obtaining ionospheric data. Based on the fre-
quency dependence of ionospheric delays, integrated TEC
along the ray path from each GPS satellite in view can be
estimated from dual-frequency GPS data. Large numbers
of real-time TEC observations are the data sets needed for
the three-dimensional ionospheric data assimilation and
modeling. This capability is currently under development at
several universities. The US military is assisting by funding
the development of a global ionospheric model. The joint
military research laboratory — university project began in
April 1999 and will continue for 5 years.



R.H. Ware et al. / Journal of Atmospheric and Solar-Terrestrial Physics 63 (2001) 1315–1330 1321

Fig. 10. Example real-time contour map of GPS-sensed iono-
spheric TEC in the south-central US Maps are posted every 30 min
at www.gst.ucar.edu=gpsrg=realtime.html. GPS sites are shown as
black triangles.

Hemispheric and global mapping of vertically averaged
TEC has been demonstrated using GPS data from the Inter-
national GPS Service (IGS) network (igscb=jpl.nasa.gov)
including approximately 200 GPS stations distributed
worldwide (Zumberge et al., 1997). These two-dimensional
horizontal maps are made using a Kalman ;lter and a
mapping function to convert slant to vertical measurements
(e.g., Wilson et al., 1995; Ho et al., 1996). More complex
modeling of the ionosphere has been demonstrated using
IGS data and a stochastic tomographic approach with a
two-layer model (Juan et al., 1997). The model character-
ized low-resolution time-varying three-dimensional TEC
structure on a global scale. A similar approach provides
real-time maps of global TEC, plus one and two day predic-
tions via Internet (www.cx.unibe.ch=aiub=ionosphere.html).
SuomiNet will contribute high-resolution TEC data to im-
prove the ;delity of ionospheric mapping, modeling and
prediction over the US. An example of a real-time TEC
map derived from ground-based GPS data is shown in
Fig. 10.

The potential for ionospheric modeling is much greater
if space-based GPS occultation data are also available.
For example, GPS observations from low Earth orbit (e.g.,
Ware et al., 1996; Rocken et al., 1997b) were used with
ground-based IGS data to model the temporal evolution of
three-dimensional electron density on a global scale dur-
ing ionospheric storms (Hernandes-Pajares et al., 1998).
The tomographic model was solved with 1 h, 10 × 10
degree, 8-layer resolution. For each storm, 1 million de-
lays and 400 occultations were assimilated to solve for

3000 unknowns. Results were veri;ed using the Interna-
tional Reference Ionosphere and ionosonde data. Howe et
al. (1998) simulated the use of ground and space-based
GPS data in four-dimensional ionospheric modeling, with
resulting large improvements in model resolution and
accuracy.

Ionospheric scintillation occurs in equatorial, mid-latitude,
and auroral zones, induced by geomagnetic storms, solar
conditions, Rayleigh–Taylor instabilities, and other known
and unknown mechanisms (e.g., Fremouw et al., 1978;
Basu and Basu, 1981; Yeh and Liu, 1982; Aarons, 1997).
SuomiNet sites located in each of these zones will be able
to measure variations in GPS phase and amplitude induced
by ionospheric scintillation at sampling intervals of 1 s or
less. For example, a SuomiNet site at Guam is well posi-
tioned to study the onset of equatorial scintillation activity.
A strong, enhanced upward E × B drift is required to cre-
ate the ambient ionospheric conditions responsible for this
activity. The enhanced E × B drift causes TEC to decrease
dramatically. The GPS receiver at Guam (or any other GPS
receiver situated near the magnetic equator) can measure
this decrease (e.g., Kelley et al., 1996; Musman et al.,
1997). An hour and a half later small-scale plasma density
irregularities are expected to form. These irregularities can
be detected by the same GPS receiver.

During geomagnetic storms, SuomiNet TEC observations
could be used to determine whether the mid-latitude iono-
spheric response to the penetration of high-latitude elec-
tric ;elds (E × B drift), or to the propagation of traveling
ionospheric disturbances (TIDS) initiated by traveling at-
mospheric disturbances (TADS) (e.g., Beach et al., 1997;
Taylor et al., 1998). For example, two-dimensional maps of
TEC perturbations derived from data observed at 900 GPS
sites in Japan showed the spatial structure, time evolution,
and velocity (tens to 100 m=s) of electron density structures
with 0:15◦ latitude and longitude resolution (Saito et al.,
1998). Similar analyses could be used to relate the occur-
rence of gravity waves in the lower atmosphere associated
with storms, topography, and jet streams (Fritts and Nas-
trom, 1992; Nastrom and Fritts, 1992), as observed in rock-
etsonde (Tsuda et al., 1994), radar (Murayama et al., 1994),
lidar (Whiteway and Carswell, 1995), and GPS occultation
data (Tsuda et al., 2000).

The e=ects of E × B drift are felt simultaneously at all
latitudes while the TIDs propagate from high to low lati-
tudes with a characteristic velocity. This velocity can be
uniquely determined, using data from the mid-latitude chain
of SuomiNet receivers. Another question related to geo-
magnetic storms is the longitudinal extent of the ”positive
phase” of ionospheric storms, de;ned as the enhancement in
electron density at local sunset on the ;rst day of the storm.
The open question is whether this enhancement exists over
a wide longitudinal sector, as the Earth rotates through
the sunset terminator. The large east–west chain of
SuomiNet receivers should be able to answer this question,
unequivocally.
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Because of the phenomenal growth of GPS, the large and
growing numbers of regional and global GPS networks, and
the development of global GPS occultation capability, the in-
frastructure for fully three-dimensional ionospheric tomog-
raphy is becoming established. SuomiNet will make a sig-
ni;cant contribution to this infrastructure, providing thou-
sands of TEC measurements hourly over the US University
researchers can assimilate these data into high-resolution re-
gional ionospheric models. SuomiNet data, and data from
similar networks in Japan (mekira.gsi-mc.go.jp), Europe
(www.cx.unibe.ch=aiub=ionosphere/html; www.ieec.fcr.es=
gps=intro.html) and elsewhere (e.g., IGS: igscb.jpl.nasa.gov;
China: Li and Mao, 1998; Taiwan: Liou et al., 2000), com-
bined with thousands of GPS occultation observations (e.g.,
www.cosmic.ucar.edu) should stimulate the rapid develop-
ment of global-scale ionospheric models.

2.4. Additional applications

A key to understanding the Earth system is learning how
and why various geophysical quantities vary in space and
time. As a result, considerable attention has been directed
toward building net-works of instruments to make these
observations. Such networks include weather stations, seis-
mometers, strainmeters, tide gauges, and a variety of other
instruments. Historically, advances in instruments have
provided the data that drove dramatic advances in under-
standing the phenomena in question. Recent advances in
computer and Internet technology permit even further ad-
vances, as it is now possible for the individual sensors in
the network to return data in real time, and for sensor ob-
servation modes (such as sampling frequency) to be easily
coordinated. SuomiNet moves beyond the use of the Internet
merely for data transmission, it will also use the Internet
to coordinate sensors. Hence, the opportunity is presented
to develop a national geophysical instrument yielding syn-
chronous data of previously unobtainable timeliness, and
quality. The resulting data, instrumentation, sensor coordi-
nation and data distribution methods present a unique op-
portunity for university research and education in the com-
ing decade (Fulker and Ware, 1997). SuomiNet has con-
siderable potential to stimulate interdisciplinary research,
an important and diRcult goal for contemporary science
(Metzger and Zare, 1999). Examples of potential interdisci-
plinary science applications for SuomiNet data are described
below.
Coastal meteorology: Development of methods for esti-

mation of PW (precipitable water) from buoy-based GPS
data is planned by SuomiNet participants at the Scripps In-
stitution of Oceanography. By doing so, they aim to improve
the accuracy of GPS buoy positioning which, combined with
underwater acoustic ranging, is used to measure seaNoor
crustal motion (Speiss et al., 1998). GPS sensing of mois-
ture from buoys holds promise for other applications. For
example, buoys moored o=shore from the west coast of the
US could provide data that are valuable for coastal meteo-

rology, and drifting buoys with satellite links could provide
moisture data for mesoscale (and global) modeling research.
Buoy-based GPS sensing could also provide TEC data for
global ionospheric modeling research, as well as ocean cur-
rent and water temperature data for El Niño, tropical cy-
clone, and climate related research. As part of SuomiNet,
two GPS systems may be installed and operated on moored
buoy systems located o=shore from California and Hawaii.
The buoys would be connected via radio modem to the Inter-
net, demonstrating the use of GPS observations from buoys
for coastal meteorological research applications. Recogniz-
ing the potential of SuomiNet for coastal meteorology and
oceanography, participating universities are planning to es-
tablish 20 SuomiNet sites in coastal regions.
Hydrology: A major report: ”Opportunities in the Hy-

drologic Sciences” (National Research Council, 1991),
noted that hydrology is a data-poor science. In particular,
atmospheric analyses interpolate and extrapolate radiosonde
measurements from coarsely and irregularly spaced land
locations, with inadequate spatial and temporal resolution,
to represent small-scale hydrological processes (Roads et
al., 1994). The availability of distributed, accurate, timely,
GPS sensed atmospheric moisture data on a continental
scale is expected to stimulate rapid advancement in hydrol-
ogy. These data can be assimilated into mesoscale models
along with other data for use in estimating four-dimensional
water-vapor ;elds, allowing estimation of water-vapor Nux
into watershed regions, and on continental scales. In ad-
dition, great potential exists for improving air-craft and
satellite-based radiometric data by correcting for atmo-
spheric moisture e=ects using SuomiNet data. The resultant
improvements in remotely sensed surface temperatures
should yield signi;cantly improved estimates of sensible
heat Nux and evapotranspiration.

Recognizing the value of improved atmospheric moisture
data for hydrology, participating hydrologists have regis-
tered 8 SuomiNet sites in experimental watersheds main-
tained and operated by the Agricultural Research Service
(ARS) of the US Department of Agriculture. These wa-
tersheds have been heavily instrumented with rain gauges,
soil moisture, stream Now (Numes) and other hydrologi-
cal and atmospheric sensors (e.g., Post et al., 1998). The
ARS, working closely with universities and research insti-
tutions, operates long-term experimental watersheds across
the country and has on-site sta= to maintain instruments and
collect data. Research goals include improved understand-
ing of the coupling of atmospheric and surface parameters
in the hydrological cycle, improved modeling and predic-
tion of stream Now variability and Nooding in individual
watersheds and on regional and continental scales. Informa-
tion on the ARS experimental watersheds is available via
hydrolab.arsusda.gov=wdc=arswater.html .
Regional climatology: The sensitivity of ground-based

(and space-based) GPS data to regional and global cli-
mate change was demonstrated in global climate model
simulations by Yuan et al. (1993) and by Stevens (1999).
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Major advantages of these data for climatology are their
all-weather availability and long-term stability without cal-
ibration. SuomiNet will provide continuous PW estimates
from 100 sites distributed across the US with better than
2 mm accuracy. In addition, once the appropriate varia-
tional methods have been developed, slant GPS delays can
be directly assimilated into mesoscale models. Chen and
Herring (1996) compare slant delays in microwave (VLBI)
signals at low-elevation angles with results from ray trac-
ing through mesoscale models. The results show strong co-
herence, but distinct di=erences are also evident, implying
that VLBI (and GPS) slant delays can be used to improve
three-dimensional moisture (and pressure) ;elds modeled
using radiosonde data alone. Similar results for GPS sensed
PW were reported by Kuo et al., (1996) and Businger et al.
(1996).

Regional climate research is likely to bene;t from im-
proved moisture ;eld de;nition. For example, Min and
Schubert (1997) studied the climate signal in regional
moisture Nuxes derived from global analyses, ;nding PW
anomalies associated with extreme climate conditions (ma-
jor drought and Nood) in the Great Plains of the central
US. However, they found that the moisture Nux estimates
from three major global analyses disagreed by as much as
25%, and concluded that inadequate de;nition of mois-
ture ;elds in the models is responsible for a major part of
this disagreement. GPS sensed moisture data is expected
to be useful for the GEWEX Continental Scale Interna-
tional Project (GCIP) designed to improve understanding
of large scale hydrological cycles (Schaake and Coughlan,
1991; www.ogp.noaa.gov=gcip). In particular, SuomiNet
moisture data should help improve understanding of the
nocturnal Great Plains Low Level Jet, which accounts for
approximately one-third of all moisture transport into the
continental US (Helfand and Schubert, 1995).
Ground truth for satellite radiometry: Microwave and in-

frared satellite radiometers are widely used as nadir sensors
of atmospheric water-vapor (for example, GOES and TOVS
water-vapor sensors described by Menzel et al., 1998; and
Stankov, 1998). These satellite systems provide valuable
water-vapor measurements over oceans, where atmospheric
data are otherwise scarce. However, satellite radiometers
are less accurate for sensing tropospheric water-vapor over
land, particularly during cloudy conditions. High resolution
four-dimensional water-vapor ;elds based on SuomiNet data
could provide ground truth for comparison with satellite
sensed water-vapor over North America. Potentially, im-
proved understanding of algorithms and methods for satel-
lite radiometer observations over land could result, leading
to improved satellite sensing of water-vapor over poorly in-
strumented land areas.
Topographic SAR corrections: Signal delays induced

by atmospheric moisture can signi;cantly degrade inter-
ferometric synthetic aperture radar (SAR) sensitivity to
crustal deformation or topography. The method combines
time-sequenced observations from aircraft or satellites to

produce high-resolution images that are sensitive to Earth
topography and its deformation in time (Massonnet et
al., 1993), and to refractivity changes in the troposphere.
However, the method cannot di=erentiate between a signal
delay caused, for example, by water-vapor heterogeneities
in the atmosphere and Earth surface deformations. The
high-temporal sampling characteristics of GPS observa-
tions can be used to complement the high-spatial resolution
of the interferometric SAR images. The GPS observa-
tions can be used to determine the long-wavelength at-
mospheric signal in the interferometric SAR images, and
consequently correct these images in deformation studies
(Zebker et al., 1997). If there is no surface deforma-
tion during the time interval of data acquisitions, SAR
imagery can be used to ;ll spatial gaps in water-vapor
observations by GPS receivers (Hanssen, et al., 1999).
Potentially, a combination of SAR and GPS technology
could provide accurate high-resolution (∼ 10 m) mois-
ture data for microscale research including studies of
severe weather, convection and downbursts. In summary,
SuomiNet could signi;cantly increase the impact of SAR
interferometric imaging in solid-Earth and atmospheric
research.
Ionospheric signatures of geophysical events: SuomiNet

data may contain detectable ionospheric gravity wave sig-
nals generated by a variety of geophysical and arti;cial
sources. Included are earthquakes (Calais and Minster,
1995); volcanoes (Kanamori, 1998); tsunamis (Najita
et al., 1974); tornadoes and severe storms (Bedard, 1998);
Transient Luminous Events (TLEs) including sprites, jets
and elves (Marshall et al., 1998; Pasko et al., 1997; Lyons
et al., 1998; Uppenbrink, 1999); meteors, meteorites and
space debris (Bedard and Bloemker, 1997); and rocket
launches (Calais and Minster, 1996). Sampling parameters
of SuomiNet GPS receivers can be coordinated using IDD,
allowing the network to be “tuned” on a local, regional
or national scale for optimum sensitivity to speci;c iono-
spheric events. For example, by “turning up” the sampling
frequency in speci;c regions at speci;c times, SuomiNet
could observe ionospheric signals related to geomagnetic
storms; E × B; gravity-acoustic waves generated by jet
streams, severe storms and their interactions with topogra-
phy; and other geophysical events.
Atmospheric chemistry: Improved estimates of water-

vapor Nux are expected when GPS sensed moisture data
are properly assimilated into meteorological models.
Water-vapor Nux is useful for modeling of dispersion and
chemical processes associated with trace gases, pollutants,
water-vapor, and aerosols. After SuomiNet has been estab-
lished, university researchers may consider adding other
sensors at all (or a subset of) SuomiNet sites. For example,
hydroxyl, ozone, Nuorocarbon, carbon monoxide, sulfate,
or nitrate sensors (e.g., Comes et al., 1997; Davis et al.,
1997) could be included at SuomiNet sites, as appropriate.
These sensors, coordinated via IDD, could be used for local,
regional and continental atmospheric chemistry studies.



1324 R.H. Ware et al. / Journal of Atmospheric and Solar-Terrestrial Physics 63 (2001) 1315–1330

Astronomy: On August 27, 1998, an extremely intense
gamma ray Nare passed through the solar system, rapidly
ionizing the exposed part of the Earth’s nightside upper
atmosphere, producing ionization levels usually found only
during daytime (hail.stanford.edu=gammaray.html). This
gamma ray Nare originated at a faint X-ray star, located
in the distant reaches of our galaxy, some 23,000 light
years away. Similar events could be easily detected in GPS
observations of TEC. This example illustrates the poten-
tial for SuomiNet in unforeseen interdisciplinary research
opportunities.

2.5. Other GPS networks

SuomiNet will be one of many GPS networks worldwide,
and it will not be the only one used to measure character-
istics of the atmosphere. However, SuomiNet will provide
unique and timely atmospheric sensing capability over the
US SuomiNet is optimized to stimulate university participa-
tion in atmospheric remote-sensing activities made possible
by GPS.

We wish to stress this optimization characteristic. Sen-
sor networks often are designed to test a particular set of
hypotheses, in which case theoretical analyses and simu-
lations can be employed to rationalize a particular sensor
con;guration. In contrast, SuomiNet will support an ex-
traordinarily broad and interdisciplinary set of studies on
poorly observed, characterized or understood atmospheric
features. Therefore, we have not attempted to optimize sen-
sor locations to support speci;c studies, but have chosen
a strategy that optimizes student and faculty participation
in an emerging domain of atmospheric measurement, one
that promises new knowledge, leading to new operational
regimes. We think it is critical for the education and research
community, broadly de;ned, to be involved immediately in
such advances. In order to maximize the scope of scienti;c
studies that can be undertaken by SuomiNet participants and
other investigators, we will seek bi-directional, real-time
data exchange agreements with the operators of other
high-quality GPS networks that exist or are being planned,
including:

• In North America, various agencies have sponsored the
establishment and operation of GPS networks for scien-
ti;c research, navigation, and engineering. Examples
include the ARI receivers described in the Prior
Results section; the Southern California Integrated
GPS Network (SCIGN; milhouse.jpl.nasa.gov); the Co-
ordinated Reference System (CORS; www.ngs.noaa.gov=
CORS=cors-data.html); and a central US network
established by NOAA with assistance from UN-
AVCO and universities to demonstrate the value of
GPS-sensed PW data for weather modeling and fore-
casting (www-dd.fsl.noaa.gov=gps.html). Other North
American GPS networks are described by Showstack,
1998a.

Fig. 11. GPS network sites in Japan are housed in 5 m tall
stainless-steel towers, as shown. The sites are maintained by pri-
vate companies under contract; communications are provided by
telephone.

• In Japan, the world’s largest array of 1000 GPS stations
was established for earthquake hazard research and mit-
igation (Fig. 11; mekira.gsi-mc.go.jp). Applications for
this network have been expanded to include meteorolog-
ical, climate, and ionospheric research.

• In Europe, scores of continuous GPS stations have been
established for weather, climate, and ionospheric re-
search (Emardson et al., 1998; metix.nottingham.ac.uk=
wavefron=index.html).

• Globally, the International GPS Service (IGS) has
coordinated the establishment and operation of a
global-GPS network including several hundred sta-
tions. The original focus of the IGS was geodesy, but
its focus has expanded to include ionospheric, tro-
pospheric, sea level, and global-change applications
(igscb.jpl.nasa.gov/projects/projindex.html).

There are many opportunities for complementary appli-
cations of SuomiNet and other GPS networks. For example,
real-time PW and TEC contour maps shown in Figs. 4 and
10 use data from a combination of agency and university
sites. SuomiNet, although focused primarily on university
sites and users, will also coordinate with other networks and
users where appropriate.

3. University participation

Universities have signed up to establish more than 100
SuomiNet sites for atmospheric applications, and a subset
of 61 sites for combined atmospheric and geodetic appli-
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Fig. 12. Standardized GPS-choke ring antenna mounted on the roof
of Lind Hall at Central Washington University. Similar installa-
tions are expected for universities interested only in atmospheric
applications.

cations (via www.unidata.ucar.edu=suominet). A majority
of these sites are located in the interior of the continental
US. However, a variety of other site environments are reg-
istered including 2 arctic coastal, 8 tropical coastal, 7 is-
land, 2 buoy, and 1 tropical buoy. In addition, 12 SuomiNet
sites are registered by hydrologists for collaborative water-
shed research, and 7 by oceanographic research institutions.
Overall, the variety of site environments and interests regis-
tered for SuomiNet demonstrates its broad interdisciplinary
research and educational potential as perceived by universi-
ties and research institutions.

4. Description of research instrumentation

The standard equipment at a SuomiNet site will include
a dual-frequency GPS receiver and antenna, surface me-
teorology (pressure, temperature, and humidity) sensors, a
PC con;gured to run local data manager (LDM) and IDD
software and protocols, radio modems for Internet connec-
tion (optional), cabling, equipment housing, and an antenna
mount. For the 42 sites registered by universities for atmo-
spheric applications only, the GPS antenna, its protective
dome, and leveling mount will be mounted (in most cases)
on the roof of an academic building (e.g., Fig. 12). The GPS
receiver, computer, and ancillary equipment will be located
within the building. For the 61 sites registered by univer-
sities for atmospheric and geodetic applications, a geologi-
cally stable site location away from buildings and multipath
is needed (Fig. 14). In this case, radio modems, an enclo-
sure for security and protection from the weather, and an
Invar monument set in concrete are included. Site selection

and monument construction are the responsibility of par-
ticipants having geodetic research and education interests.
The UNAVCO Facility will provide technical advice and
assistance regarding site construction and monumentation
to all SuomiNet participants. The cost of equipment for a
SuomiNet site is approximately $15,000 for an atmospheric
only site and $30,000 for an atmospheric plus geodetic site.
This cost reNects special pricing o=ered by GPS equipment
manufacturers through the UNAVCO Facility for use in uni-
versity research. Cost sharing between the NSF and partic-
ipating universities has been proposed.

The principal SuomiNet functions including observation,
communication and analysis of GPS data, sensor coordi-
nation, data-product distribution, and data management are
described below.
Data observation: Participating universities and research

institutions will establish GPS receivers and ancillary
equipment at nationally distributed sites. Assistance in GPS
equipment speci;cation, procurement, testing, installation,
maintenance and data communication will be provided by
the UNAVCO Facility (sponsored by the NSF and NASA
to develop and support GPS applications in geosciences).
Web-based materials already in place will be augmented to
assist in these activities. It has extensive experience in GPS
equipment testing and procurement, in the development,
installation and operation of continuous GPS stations, and
in GPS data management (www.unavco.ucar.edu). Typical
real-time GPS stations are shown in Figs. 12 and 13.
Data communication, data product distribution and sta-

tion coordination: These activities will be accomplished us-
ing (IDD) internet data distribution, the system that has
evolved as the primary means of real-time data distribu-
tion by Unidata and its approximately 150 university users.
It uses local data management (LDM) software and proto-
cols (www.unidata.ucar.edu=packages=ldm) and the Inter-
net. The real-time data usage heritage that eventually led to
IDD is described by Suomi et al. (1983). The current IDD
is a distributed system comprised of campus based LDMs,
each of which implements a “push” protocol for rapidly re-
laying data from neighbor to neighbor, even in the pres-
ence of network congestion. Methods based on more than
a decade of continuous experience in real-time data distri-
bution are embodied in IDD, including the capability for
station coordination.

Each SuomiNet site will include a computer con;gured
to receive executable code via IDD. This will allow for
coordination of sensor parameters at all, or any subset of,
SuomiNet sites. In this manner, SuomiNet sites can be co-
ordinated for speci;c observations on local, regional, and
continental scales. For example, the sampling frequency of
SuomiNet GPS receivers could be adjusted to 1 Hz or higher
to optimize sensitivity to scintillations generated by bound-
ary layer turbulence in the neutral atmosphere, or to look
for ionospheric e=ects associated with meteor showers, ge-
omagnetic storms, and upper stratospheric=mesospheric dis-
turbances including sprites, jets, and elves. A condition for
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Fig. 13. A solar-powered GPS site with radio modem telemetry
established by the University of Utah for atmospheric and geode-
tic applications, with assistance from UNAVCO. The site is lo-
cated in a geologically stable location with a radio telemetry link
to campus. The enclosure beneath the solar panel contains GPS re-
ceiver equipment and batteries. Similar installations are expected
for universities interested in combined atmospheric and geodetic
applications.

participation in SuomiNet is that all SuomiNet data must be
made freely available via IDD in real-time.
Data analysis: This activity will be carried out at UCAR

using well-established automated procedures. Initially, raw
GPS data from all SuomiNet sites will be collected and
processed into water-vapor and TEC data products by GST
(UCAR’s GPS Science & Technology program), using well
established automated procedures. GST has been providing
real-time GPS-sensed PW, TEC, and related data products
in real-time via the Web for the past three years. Examples
of real-time PW and TEC data products are shown in Figs. 4
and 10. Any university will be able to access SuomiNet data
at any level ranging from raw data to derived data products,
and to make their own data products available (e.g., PW,
SW, TEC, mesoscale or ionospheric model outputs, moisture
Nux, geodetic coordinates, etc.), using the IDD system.

Universities will be able to set-up their own data collec-
tion and analysis activities and to provide additional data
products. For instance, “sky plots” of atmospheric slant
delay are currently provided by MIT on a daily basis from
networks in California and Asia (bowie.mit.edu= ∼tah).
University groups could provide real-time maps showing
ionospheric and tropospheric features causing scintillations,
moisture Nux into speci;c watersheds, strong moisture gra-
dients associated with tornado hazards, etc. Thus, interested
universities will have opportunities to develop their own
programs to use SuomiNet data or derived products for a

Fig. 14. GPS antenna and monument established by the University
of Utah for combined atmospheric and geodetic measurements,
with assistance from the UNAVCO Facility.

variety of atmospheric and related research and education
activities.
Data management: This activity will be carried out by

the UNAVCO Facility using its existing on-line data man-
agement and archiving system including its data search,
geographic mapping and display system. To ensure ready
availability of data and data products to the atmospheric
community, Unidata will provide real-time access via IDD.
Short- and long-term atmospheric data management and
archiving will be provided by existing UCAR systems
such as the CODIAC atmospheric data management sys-
tem (www.joss.ucar.edu=codiac) and the NCAR mass data
storage system (www.scd.ucar.edu=dss), as appropriate.
In addition, UNAVCO’s seamless data archive concept
(www.unavco.ucar.edu=data=#gsac) could be expanded to
include atmospheric data archived at other university and
agency sites.

5. SuomiNet status

The NSF has decided to fund SuomiNet. On-line regis-
tration for participation remains open (see the Web page
at www.unidata.ucar.edu/suominet). If demand exceeds re-
sources, SuomiNet sites will be selected to achieve broad
geographic coverage and gain a large, diverse set of partic-
ipating institutions, each with applications that are scientif-
ically and educationally compelling.
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6. Conclusions

Real time national GPS networks for atmospheric sens-
ing are being established or planned in a number of coun-
tries around the world. The resulting continuous, accurate,
all-weather, real-time GPS networks will provide a ma-
jor stimulus to mesoscale modeling and data assimilation,
severe weather, precipitation, cloud dynamics, regional
climate, hydrology, modeling and prediction of severe
terrestrial and space weather, detection and forecasting
of low-latitude ionospheric scintillation activity and geo-
magnetic storm e=ects at ionospheric mid-latitudes, and
detection of ionospheric e=ects induced by a variety of geo-
physical events. Real-time GPS data also have potential
applications in coastal meteorology, satellite radiometry,
correction of synthetic aperture radar data for crustal deform-
ation and topography studies, and boundary layer turbulence.
It is important that national real-time GPS networks are
coordinated to use common data formats and exchange
protocols. This will ensure that the exciting scienti;c and
operational potential of real-time GPS networks is fully
realized.

Acknowledgements

Support for the preparation of this article was provided
by the National Science Foundation (grants EAR-9840963
and ATM-9843214), UCAR, Unidata and UNAVCO.

References

Aarons, J., 1997. Global positioning system phase Nuctuations
at auroral latitudes. Journal of Geophysical Research 102,
17,219–17,231.

Basu, S., Basu, S., 1981. Equatorial scintillations — a review.
Journal of Atmospheric and Terrestrial Physics 43, 473.

Beach, T., Kelley, M., Kintner, P., Miller, C., 1997. Total electron
content variation due to nonclassical traveling ionospheric
disturbances: theory and global positioning system observations.
Journal of Geophysical Research 1092, 7279–7292.

Bedard, A., 1998. Infrasonic detection of severe weather. 19th
Conference on Severe Local Storms. American Meteorological
Society, 14–18 September.

Bedard, A., Bloemker, R., 1997. Detection of space debris and
meteor impacts using atmospheric infrasound. Proceedings of
SPIE, Vol. 3116, 27–28 July.

Bevis, M., Businger, S., Herring, T.A., Rocken, C., Anthes,
R.A., Ware, R.H., 1992. GPS meteorology: remote sensing of
atmospheric water vapour using the Global positioning system.
Journal of Geophysical Research 97, 15,787–15,801.

Braun, J., Rocken, C., Ware, R., 2000. Validation of single slant
water vapor measurement with GPS. Radio Science (in press).

Businger, S., Chiswell, S., Bevis, M., Duan, J., Anthes, R.,
Rocken, C., Ware, R., Exner, M., Van Hove, T., Solheim, F.,
1996. The promise of GPS in atmospheric monitoring. Bulletin
of the American Meteorological Society 77, 5–18.

Calais, E., Minster, J., 1995. GPS detection of ionospheric
perturbations following the January 17, 1994, Northridge
earthquake. Geophysical Research Letters 22, 1045–1048.

Calais, E., Minster, J., 1996. GPS detection of ionospheric
perturbations following a Space Shuttle ascent. Geophysical
Research Letters 23, 1897–1900.

Carpenter, R., Droegemeier, Jr., K., Bassett, G., Brewster, K., Jahn,
D., Levit, J., Xue, M., Qualley W., Strasser, R., 1998. Storm-
scale NWP for commercial aviation: results from real-time
operational tests in 1996–1997. Proceedings of 12th Conference
on Num. Weather Predictions, Phoenix, AZ, American
Meteorological Society, pp. 213–216.

Chen, G., Herring, T., 1996. E=ects of atmospheric azimuthal
asymmetry on the analysis of space geodetic data. Journal of
Geophysical Research 102, 20,489–20,502.

Comes, F., Forberich, O., Walter, J., 1997. OH ;eld measurements:
a critical input into model calculations on atmospheric chemistry.
Journal of Atmospheric Science 54, 1886–1894.

Cotton, W., Thompson, G., Mielke Jr., R., 1994. Real-time
mesoscale prediction on workstations. Bulletin of the American
Meteorological Society 75, 349–362.

Crook, N., 1996. Sensitivity of moist convection forced by
boundary layer processes to low-level thermodynamic ;elds.
Monthly Weather Review 124, 1767–1785.

Davis, J., Elgered, G., Niell, A., Kuehn, C., 1993. Ground-based
measurement of gradients in the “wet” radio refractivity of air.
Radio Science 28, 1003–1018.

Davis, W., Thorp, J., Lee, R., 1997. Variability of SO4, total sulfate,
NO3, and total nitrate scavenging ratios for the frontal boundary
study. Journal of Applied Meteorology 36, 792–817.

Dixon, T., 1991. An introduction to the Global Positioning System
and some geological applications. Reviews of Geophysics 29,
249–276.

Domenico, B., Bates, S., Fulker, D., 1994. Unidata Internet
Data Distribution (IDD). Proceedings, Tenth International
Conference on Interactive Information and Processing Systems
for Meteorology, Oceanography and Hydrology, American
Meteorological Society, pp. J15–J20.

Droegemeier, K., 1998. personal communication. October.
Droegemeier, K., Zong, J., Brewster, K., Xue, M., Crum, T.,

Edmon, H., Fulker, D., Miller, L., Rew, R., Martin, J., 1998.
The explicit numerical prediction of an intense hailstorm
using WSR-88D observations: the need for real-time access
to level II data and plans for a prototype acquisition system.
CIRRUS.CAPS.ou.edu:80/CAPS/88D.pdf.

Duan, J., Bevis, M., Fang, P., Bock, Y., Chiswell, S., Businger, S.,
Rocken, C., Van Hove, T., Solheim, F., Ware, R., 1996. GPS
meteorology: direct estimation of the absolute value of
precipitable water vapor. Journal of Applied Meteorology 35,
830–838.

Elosegui, P., Davis, J., Gradinarsky, L., Elgered, G., Johansson,
J., Tahmoush, D., Rius, A., 1999. Sensing atmospheric
structure using small scale space geodetic networks. Geophysical
Research Letters 26, 2445–2448.

Elosegui, P., Rius, A., Davis, J., RuRni, G., Keihm, S., Burki, B.,
1998. An experiment for estimation of the spatial and temporal
variations of water vapor using GPS and WVR data. Physics
and Chemistry of the Earth 23, 125–130.

Emanuel, K., Raymond, D., Betts, A., Bosart, L., Bretherton, C.,
Droegemeier, K., Farrell, B., Fritsch, J., Houze, R., Le Mone,
M., Lilly, D., Rotunno, R., Shapiro, M., Smith, R., Thorpe, A.,
1995. Report of the ;rst prospectus development team of the



1328 R.H. Ware et al. / Journal of Atmospheric and Solar-Terrestrial Physics 63 (2001) 1315–1330

U.S. Weather Research Program to NOAA and the NSF. Bulletin
of the American Meteorological Society 76, 1194–1208.

Emardson, Elgered, G., Johansson, J., 1998. Three months of
continuous monitoring of atmospheric water vapor with a
network of GPS receivers. Journal of Geophysical Research 103,
1807–1820.

Fang, P., Bevis, M., Bock, Y., Gutman, S., Wolfe, D., 1998.
GPS meteorology: reducing systematic errors in geodetic
estimates for zenith delay. Geophysical Research Letters 25,
3583–3596.

Fremouw, E., Leadabrand, L., Livingston, R., Cousins, M., Rino,
C., Fair, B., Long, R., 1978. Early results from the DNA
Wideband satellite experiment — complex signal scintillation.
Radio Science 13, 167.

Fritts, D., Nastrom, G., 1992. Sources of mesoscale variability
of gravity waves. Part II: Frontal, convective, and jet stream
excitation. Journal of Atmospheric Science 49, 111–127.

Fulker, D., Ware, R., 1997. Real-time GPS network facilitates
geophysical studies. EOS Transactions of the American
Geophysical Union 78, 582.

Guo, Y.-R., Kuo, Y.-H., Dudhia J., Parsons, D., 2000. Four-
dimensional variational data assimilation of heterogeneous
mesoscale observations for a strong convective case. Monthly
Weather Review 128, 619–643.

Hager, B., King, R., Murray, M., 1991. Measurement of crustal
deformation using the Global Positioning System. Annual
Review of Earth and Planetary Science 19, 351–382.

Hanssen, R., Weckworth, T., Zebker, H., Klees, R., 1999. High
resolution water vapor mapping from interferometric radar
measurements. Science 283, 1297–1299.

Helfand, H., Schubert, S., 1995. Climatology of the simulated
great plains low-level jet and its contribution to the continental
moisture budget of the United States. Journal of Climate 8,
784–806.

Hernandes-Pajares, M., Juan, J.M., Sanz, J., Sole, J.G., 1998.
Global observation of the ionospheric electronic response to
solar events using ground and LEO GPS data. Journal of
Geophysical Research 20,789–20,796.

Herring, T., Shimada, S., 1998. Estimating spatial variations in
atmospheric delays using GPS. Japanese Conference on GPS
Meteorology, August, (download via bowie.mit.edu= ∼tah).

Ho, C., Mannucci, A., Lindqwister, U., Pi, S., Tsuritani, B., 1996.
Global ionosphere perturbations monitored by the worldwide
GPS network. Geophysical Research Letters 23, 3219–3222.

Holmund, K., 1998. The utilization of statistical properties of
satellite-derived atmospheric motion vectors to derive quality
indicators. Weather and Forecasting 13, 1093–1104.

Horel, J., Gibson, C., 1994. Analysis and simulation of a winter
storm over Utah. Weather Forecasting 9, 479–507.

Howe, B., Runciman, K., Secan, J., 1998. Tomography of the
ionosphere: four-dimensional simulations. Radio Science 33,
109–128.

Juan, J.M., Rius, A., Hernandes-Pajares, M., Sanz, J., 1997. A
two-layer model of the ionosphere using Global Positioning
System data. Geophysical Research Letters 24, 393–396.

Kanamori, H., 1998. Shaking without quaking. Science 279,
2063–2064.

Kelley, M., Kotsikopoulos, D., Beach, T., Hysell, D., 1996.
Simultaneous Global Positioning System and radar observations
of equatorial spread F at Kwajalein. Journal of Geophysical
Research 101, 2333–2334.

Kuo, Y.-H., 1998. private communication.

Kuo, Y.-H., Zou, X., Guo, Y.-R., 1996. Variational assimilation
of precipitable water using a nonhydrostatic mesoscale adjoint
model. Monthly Weather Review 124, 122–147.

Li, J., Mao, J., 1998. The approach to remote sensing of
water vapor based on GPS and linear regression of Tm in
the eastern region of China. Acta Meteorologica Sinica 12,
450–458.

Liou, Y.-A., Teng, Y.-T., Van Hove, T., Liljegren, J., 2000.
Comparison of precipitable water observations in the near tropics
by GPS, microwave radiometer and radiosondes. Journal of
Applied Meteorology (in press).

Lyons, W., Nelson, T., Williams, E., Cramer, J., Turner, T., 1998.
Enhanced positive cloud-to-ground lightning in thunderstorms
ingesting smoke from ;res. Science 282, 77–80.

MacDonald, A., 1999. Use of GPS slant integrated water vapor
for mesoscale weather prediction. EOS Transactions of the
American Geophysical Union 17, S38.

MacDonald, A., Xie, Y., Ware, R., 2000. Diagnosis of three
dimensional water vapor using slant observations from a GPS
network. Monthly Weather Review (in press).

Marshall, L., Hale, L., Croskey, C., Lyons, W., 1998. Electromag-
netics of sprite-and elve-associated sferics. Journal of
Atmospheric and Solar Terrestrial Physics 60, 771–786.

Mass, C., Kuo, Y.-H., 1998. Regional real-time numerical weather
prediction: current status and future potential. Bulletin of the
American Meteorological Society 79, 253–263.

Massonnet, D., Rossi, M., Carmona, C., Adagna, F., Peltzer, B.,
Feigl, K., Rabaute, T., 1993. The displacement ;eld of the
Landers earthquake mapped by radar interferometry. Nature 364,
138–142.

McPherson, R., Kalnay, E., Lord, S., 1997. The potential role
of GPS=MET observations in operational numerical weather
prediction, the Global Positioning System for the geosciences.
NRC Report, pp. 111–113.

Meertens, C., Braun, J., Mencin, D., Conquest, C., Estey, L.,
Dixon, T., Dzurisin, D., 1998. A new GPS system for imaging
volcanoes, faults and storms. EOS Transactions of the American
Geophysical Union F34.

Menzel, P., Holt, F., Schmit, T., Aune, R., Schreiner, A., Wade,
G., Gray, D., 1998. Application of GOES-8=9 soundings to
weather forecasting and Nowcasting. Bulletin of the American
Meteorological Society 79, 2059–2077.

Metzger, N., Zare, R., 1999. Interdisciplinary research, from belief
to reality. Science 283, 642–643.

Min, W., Schubert, S., 1997. The climate signal in regional moisture
Nuxes: a comparison of three global data assimilation products.
J. Climate 10, 2623–2642.

Minami, H., Tsuda, T., Masuda, Y., Nishimuta, K., Ohno, Y., 2000.
Scintillation of satellite broadcasting signals caused by
atmospheric turbulence in the troposphere. Journal of
Geophysical Research (in press).

Murayama, Y., Tsuda, T., Fukao, S., 1994. Seasonal variation of
gravity wave activity in the lower atmosphere observed with the
MU radar. Journal of Geophysical Research 99, 23,057–23,069.

Musman, S., Jahn, J.-M., LaBelle, J., Swartz, W., 1997. Imaging
spread-F structures using GPS observations at Alcantara, Brazil.
Geophysical Research Letters 24, 1703–1706.

Naito, I., Hatanaka, Y., Mannoji, N., Ichikawa, R., Shimada, S.,
Yabuki, T., Tsuji, H., Tanaka, T., 1998. Global Positioning
System project to improve Japanese weather, earthquake
predictions. EOS Transactions of the American Geophysical
Union 79, 301–311.



R.H. Ware et al. / Journal of Atmospheric and Solar-Terrestrial Physics 63 (2001) 1315–1330 1329

Najita, K., Weaver, P., Yuen, P., 1974. A Tsunami warning system
using an ionospheric technique. Proceedings of IEEE 62.

Nastrom, G., Fritts, D., 1992. Sources of mesoscale variability
of gravity waves. Part I: Topographic excitation. Journal of
Atmospheric Science 49, 101–110.

National Research Council, 1991. Opportunities in the Hydrological
Sciences. National Academy Press, Washington DC, 348 pp.

Niell, A., 1996. Global mapping functions for the atmosphere delay
at radio wavelengths. Journal of Geophysical Research 101,
3227–3246.

Park, S., Droegemeier, K., 1996. Sensitivity of 3-D convective
storm Evolution to water vapor and implications for variational
data assimilation. Preprints, 11th Conference on NWP, Norfolk,
VA, pp. 137–139.

Pasko, V., Inan, U., Bell, T., Taranenko, Y., 1997. Sprites
produced by quasi-electrostatic heating and ionization in
the lower ionosphere. Journal of Geophysical Research 102,
4529–4561.

Post, D., Grant, G., Jones, J., 1998. New developments in ecological
hydrology expand research opportunities. EOS Transactions of
the American Geophysical Union 79, 517–518.

Roads, J., Chen, S.-C., Guetter, A., Georgakakos, K., 1994.
Large-scale aspects of the United States hydrological cycle.
Bulletin of the American Meteorological Society 75, 1589–1610.

Rocken, C., Anthes, R., Exner, M., Ware, R., Feng, D.,
Gorbunov, M., Herman, B., Hunt, D., Kuo, Y.-H., Schreiner,
W., Sokolovskiy, S., Zou, X., 1997a. Analysis and validation
of GPS=MET data in the neutral atmosphere. Journal of
Geophysical Research 102, 29,849–29,866.

Rocken, C., Van Hove, T., Johnson, J., Solheim, F., Ware, R.,
Bevis, M., Businger, S., Chiswell, S., 1995. GPS storm — GPS
sensing of atmospheric water vapor for meteorology. Journal of
Oceanic and Atmospheric Technology 12, 468–478.

Rocken, C., Van Hove, T., Ware, R., 1997b. Near real-time sensing
of atmospheric water vapor. Geophysical Research Letters 24,
3221–3224.

Rocken, C., Ware, R., Van Hove, T., Solheim, F., Alber, C.,
Johnson, J., 1993. Sensing atmospheric water vapor with the
Global Positioning System. Geophysical Research Letters 20,
2631–2634.

Saito, A., Fukao, S., Miyazaki, S., 1998. High resolution mapping
of TEC perturbations with the GSI GPS network over Japan.
Geophysical Research Letters 25, 3079–3082.

Schaake, J., Coughlan, M., 1991. GEWEX continental scale inter-
national project implementation strategy. EOS Transactions of
the American Geophysical Union 72, 592.

Segall, P., Davis, J., 1997. GPS applications for geodynamics
and earthquake studies. Annual Review of Earth and Planetary
Science 25, 301–336.

Showstack, R., 1998a. Global positioning station arrays come of age
in Western North America. EOS Transactions of the American
Geophysical Union 79, 517–518.

Solheim, F., Vivekanandan, J., Ware, R., Rocken, C., 1999.
Propagation delays induced in GPS signals by dry air,
water vapor, hydrometeors, and other particulates. Journal of
Geophysical Research 104, 9663–9670.

Speiss, F., Chadwell, C., Hildebrand, J., Young, L., Purcell, G.,
Dragert, H., 1998. Precise GPS=acoustic positioning of sea Noor
reference points for tectonic studies. Physics of the Earth and
Planetary Interiors, International 108, 101–112.

Stankov, B., 1998. Multisensor retrieval of atmospheric properties.
Bulletin of the American Meteorological Society 79, 1835–1854.

Starr, D., Mel;, S., 1991. The role of water vapor in
climate: a strategic plan for the proposed GEWEX Water
Vapor Project (GVaP). NASA Conference Publications 3120,
50pp.

Stein, S., 1998. and the UNAVCO Steering Committee, UNAVCO
brochure (www.unavco.ucar.edu/community/brochure).

Stevens, M., 1999. Optimal climate signal detection in
four dimensions. Journal of Geophysical Research 104,
4089–4099.

Stokes, G., Schwartz, S., 1994. The atmospheric radiation
measurement (ARM) program: programmatic background and
design of the cloud and radiation test bed. Bulletin of the
American Meteorological Society 119, 153–186.

Suomi, V., Fox, R., Limaye, S., Smith, W., 1983. McIDAS III: a
modern interactive data access and analysis system. Journal of
Climate and Applied Meteorology 22, 766–778.

Taylor, M., Jahn, J-M., Fukao, S., Saito, A., 1998. Possible
evidence of gravity wave coupling into the mid-latitude F region
ionosphere during the SEEK campaign. Geophysical Research
Letters 25, 1801–1804.

Trenberth, K., Guillemot, C., 1996. Evaluation of the atmospheric
moisture and hydrological cycle in the NCEP reanalyses. NCAR
Technical Note TN-430, December.

Tsuda, T., Heki, K., Miyazaki, S., Aonashi, K., Hirahara, K.,
Nakamura, H., Tobita, M., Kimata, F., Tabei, T., Matshushima,
T., Kimura, F., Satomura, M., Kato, T., Naito, I., 1998. GPS
meteorology project of Japan, exploring frontiers of Geodesy.
Earth, Planet, Space, in press.

Tsuda, T., Murayama, Y., Nakamura, T., Vincent, R., Manson,
A., Meek, C., Wilson, R., 1994. Variations of the gravity
wave characteristics with height, season and latitude revealed
by comparative observations. Journal of Atmospheric and
Terrestrial Physics 56, 555–568.

Tsuda, T., Nishida, M., Rocken, C., Ware, R., 2000. A global
morphology of gravity wave activity in the stratosphere
revealed by the GPS occultation data (GPS=MET). Journal of
Geophysical Research, 105, 7257–7273.

Uppenbrink, J., 1999. Catching sprites by radio. Science 284, 929.
Ware, R., Alber, C., Rocken, C., Solheim, F., 1997. Sensing

integrated water vapor along GPS ray paths. Geophysical
Research Letters 24, 417–420.

Ware, R., Exner, M., Feng, D., Gorbunov, M., Hardy, K.,
Herman, B., Kuo, H.K., Meehan, T., Melbourne, W.,
Rocken, C., Schreiner, W., Sokolovskiy, S., Solheim, F.,
Zou, X., Anthes, R., Businger, S., Trenberth, K., 1996. GPS
sounding the atmosphere from low earth orbit, preliminary
results. Bulletin of the American Meteorological Society 77,
19–40.

Warner, T., Seaman, N., 1990. A real-time mesoscale numerical
weather prediction system used for research, teaching, and public
service at the Pennsylvania State University. Bulletin of the
American Meteorological Society 71, 792–805.

Whiteway, J., Carswell, A., 1995. Lidar observations of gravity
wave activity in the upper stratosphere over Toronto. Journal of
Geophysical Research 100, 145,113–145,124.

Wilson, B., Mannucci, A., Edwards, C., 1995. Subdaily northern
hemisphere ionospheric maps using an extensive network of
GPS receivers. Radio Science 30, 639–648.

Xue, M., Brewster, K., Droegemeier, K., Wong, V., Wang, D.,
Carr, F., Shapiro, A., Zhao, L., Weygandt, S., Andra, D., Janiah,
P., 1996. The 1996 CAPS spring operational forecasting period:
real-time storm-scale NWP, Part II: Operational Summary and



1330 R.H. Ware et al. / Journal of Atmospheric and Solar-Terrestrial Physics 63 (2001) 1315–1330

sample cases. Preprints, 11th Conference on NWP, Norfolk, VA,
pp. 297–300.

Yeh, K.-C., Liu, C.-H., 1982. Radio wave scintillations in the
ionosphere. Proceedings of IEEE 70, 324.

Yuan, L., Anthes, R., Ware, R., Rocken, C., Bonner, W., Bevis,
M., Businger, S., 1993. Sensing climate change using the
global positioning system. Journal of Geophysical Research 98,
14,925–14,937.

Zebker, H., Rosen, P., Hensley, S., 1997. Atmospheric e=ects in
interferometric synthetic radar surface deformation and
topographic maps. Journal of Geophysical Research 102,
7547–7563.

Zumberge, J., Fulton, D., Neilan, R. (Eds.), 1997. International GPS
Service 1996 Annual Report, IGS Central Bureau, Jet Propulsion
Laboratory, Pasadena, CA.




